We present a detailed study of the effect of planar stacking disorder on optical properties of inverted opal photonic crystals. Systems with periodic stacking sequences are first studied that include face centered cubic, hexagonal close-packed, and doubly hexagonal close-packed photonic crystals. For the structures with periodic stacking order, we evaluate the band structure followed by calculation of transmission spectrum along the direction perpendicular to the hexagonal close-packing plane of the structures. Inverted opal photonic crystals with random stacking sequences are then studied by calculating average transmittance of the photonic crystal slabs over various random stacking configurations. The position and width of the lowest stop gap along the direction normal to the hexagonal close-packing plane is found to be invariant, regardless of the stacking sequence in the photonic crystal. We show how the propagation properties at higher frequencies are affected by the stacking configurations ͑both periodic and disordered stacking sequences͒, particularly those near the edges of the absolute band gap. The obtained results are directly relevant to transmission/reflection experiments on inverted opal photonic crystals with complete band gap.
I. INTRODUCTION
Materials whose refractive index is modulated with a period on the order of the desired wavelength of operation have attracted much attention over the last decade ͓1,2͔. These structures, known as photonic crystals, give rise to strong coherent multiple scattering of electromagnetic ͑EM͒ waves within the material. As a result, a frequency region of spectrum ͑stop gap͒ opens up in which light cannot propagate. If the scattering is strong enough, the stop gaps in all directions will overlap, leading to the formation of a complete photonic band gap ͑CPBG͒ in which EM wave propagation is forbidden irrespective of propagation direction and photon polarization. Recently, considerable effort has been made in design, fabrication, and numerical simulation of artificial crystals because CPBG structures promise to be an important ingredient in the development of optical devices with novel properties ͓3͔.
In order to open a CPBG in the visible/near-infrared region of light spectrum, modulation period of refractive index must be less than 1 m. In this regard, colloidal particles are believed to be the fast and cheap building blocks for photonic crystals owing to their submicrometer sizes and selforganization property. Monodispersed spherical microparticles can self-assemble into a three-dimensional ͑3D͒ closepacked array to create an opal that was shown to display photonic gap effect ͓4 -6͔. Although these synthesized 3D artificial structures exhibit only a stop gap, theoretical studies ͓7-9͔ have shown that a CPBG exists in the inverted structure. This system consists of a face centered cubic ͑FCC͒ crystalline of low dielectric spherical scatterers with refractive index n s in an interconnected high dielectric matrix with refractive index n b . These predictions have triggered extensive experimental work to use opal as matrices and to fill the voids in it with materials of high refractive index to fabricate CPBG crystals in the visible and near IR range of light ͓10-12͔. In order to increase the contrast in refractive index, an ''air-sphere'' structure can be obtained by removing the dielectric spheres after the infiltration process ͓13,14͔. These artificial structures ͑hereafter called inverted opal͒, of which the refractive index contrast ␦ϭn b /n s is normally lower than 2.6, have shown a strong photonic effect ͓15-18͔. The fabrication of an inverted opal with a CPBG in the near IR range by means of opal templating techniques has been recently reported ͓19,20͔.
It is well known that synthetic opals have intrinsic disorder including stacking faults, lattice dislocations, and point defects. Vlasov et al. ͓21͔ first studied the influence of various types of defects, especially the stacking faults, on optical properties of synthetic opals by means of study of transmission, reflection, and diffraction along different crystallographic directions. Although the point defects can be much reduced by using colloidal particles with narrow size distribution, stacking faults are inevitable in the self-organization process. As an illustration of the stacking disorder, let A denote a hexagonal close-packing layer; normally the growth direction of opals is perpendicular to this dense hexagonal plane. Now there are two possibilities that the next layer can be placed: positions B and C. Thermodynamical studies have shown that the difference in free energy between these two stacking configurations is negligibly small ͓22͔; the resulting structure may not be pure FCC with repeating ABC stacking sequence along the growth direction ͓17,23͔. It could be hexagonal close-packing structure ͑HCP͒ with ABAB . . . stacking sequence, or a double HCP structure ͑DHCP͒ with ABCBABCB . . . stacking sequence containing periodic stacking faults as compared to the FCC structure. Furthermore, studies of concentrated colloidal dispersion show that the most common type of structures in a shear ordered colloidal crystal is close to a random stacking of close-packed planes ͓24,25͔ with a stacking sequence such as ABCBABACABAC . . . .
Because an inverted opal is created by the direct templating of opal, the produced macroporous materials preserve all the disorder introduced in the original opals. Unless the photonic band gap is robust enough to survive these inevitable disorders, the potential for application of these inverted opal crystals would be compromised. Recent supercell simulation showed that the optical properties of an inverted opal are affected by geometrical nonuniformity. The CPBG could be destroyed by a moderate amount of disorder in the sizes and positions of the air spheres ͓26͔. Yannopapas et al. ͓27͔ have very recently shown that the introduction of a certain amount of stacking faults in an inverted FCC opal is associated with some very interesting property such as the light localization due to disorder.
In this paper we investigate in detail the optical properties of an inverted opal photonic crystal with both periodic and random planar stacking sequences. For structures with ordered stacking sequences both band structure and transmission spectra are presented. The periodic stacking structures to be studied include inverted FCC, HCP, and DHCP opals, which contain three, two, and four planes of spheres in the stacking unit, respectively. For these periodic systems, we find gaps and nonoptically active bands in the band structures along the axis perpendicular to the hexagonal closepacking planes, which are further verified in evaluation of transmission spectra. We then discuss how the transmission property is affected by introducing random planar stacking in the photonic crystal slab. We found that the transmission spectra of random systems show strong dips at nearly the same frequencies as periodic systems do. In addition, large fluctuations in the transmittance are observed at the edges of the stop gaps at higher frequencies for random systems. We also show that the nonoptically active range of frequencies observed in the transmission spectra under normal incidence for periodic structures become coupled to the incident light by applying off-normal incidence or by breaking the symmetry along the stacking axis via the introduction of stacking disorder.
II. DISCUSSION AND RESULTS
The multiple scattering method is probably best suited to calculate the band structure of our system ͓28 -30͔. This method is accurate and highly efficient as the scattering matrix of each sphere can be handled analytically. The only requirement is that the spheres do not overlap. In order to evaluate the transmission/reflection spectrum of PBG materials with a finite thickness, we employ the on-shell method ͓31,32͔, in which the transmission and reflection coefficients of a homogeneous plate or a multilayer of spherical particles of given periodicity parallel to the surface can be calculated.
The crystal slabs considered in our paper can be seen as a successive stacking of identical planes of close-packed air spheres embedded in a host medium of GaAs, which are shown in Fig. 1 . The neighboring planes of spheres are separated at a distance dϭͱ6␣/3, where ␣ is the nearest neighbor distance in the 2D plane of air spheres. The identical layers of air spheres are further assumed to be parallel to the surfaces of host medium. We restrict our considerations to the cases where the first and last layers of air spheres are situated at the same distance d s from the front and end surface of the host matrix, respectively. We choose the axes such that the layers of air spheres lie in the x-y plane. The z direction, which is perpendicular to the planes of air spheres, can be referred to as ͓111͔ in FCC and ͓0001͔ in HCP and DHCP notations ͑see, e.g., Ref.
͓21͔͒.
In the following discussion, we use a dimensionless frequency ϭD/2c, where D is the diameter of air sphere and c the speed of light in vacuum and can be expressed as Dϭ2ͱ2(3 f /16) 1/3 ␣ with f being the volume filling fraction of air spheres. The adoption of this unit will allow for a direct comparison of photonic properties among structures with different stacking sequences. In all the numerical simulations, we set the parameter d s ϭD/2 and assume an array of touching air spheres ͑filling ratio f ϭ0.74) in GaAs ͑refrac-tive index n b ϭ3.6). Furthermore, we are mainly concerned with the transmission properties under normal incidence, which are measured in most experiments ͓15-17,19,20͔, though some calculations for the case of off-normal incidence for the FCC structures are also presented. In our band structure evaluations, excellent convergence is achieved by including spherical waves with angular momentum up to l max ϭ7 in the local expansion of EM waves. The transmission calculation was performed using l max ϭ7 in the angular momentum expansions and 37 2D reciprocal lattice vectors in the plane-wave expansions. This gives a relative accuracy of 10 Ϫ5 for the transmittance of an individual slab ͓27͔.
A. Inverted opal with FCC structure
In Fig. 2 we present the band structure of an inverted opal photonic crystal with FCC geometry. It is known that this structure exhibits a CPBG when the refractive index of the host medium n b Ͼ2.8 ͓8,9͔. As can be seen here, the FCC structure possesses a CPBG centered at ϭ0.542 with a relative size ⌬ / 0 ϭ5.7% between the eighth and ninth bands. Along the ⌫L symmetry line which corresponds to the ͓111͔ stacking axis in FCC, the structure develops three gaps. Counting from low to high frequencies, the first gap is at Ϸ0.288-0.365 between the second and third bands, the sec- The dependence of the transmittance on thickness of the FCC inverted opal slabs is shown in Figs. 3͑a͒, 3͑b͒, and 3͑c͒, where we plotted the transmission spectra for three slabs with 8, 16, and 32 ͑111͒ layers of air spheres, respectively. Transmittance curves display pronounced dips exactly within the three frequency regions of gaps along ⌫L symmetry mentioned above. For example, the dips in the transmittance for the slab consisting of 32 layers of air spheres are at Ϸ0.287-0.366, Ϸ0.483-0.498, and Ϸ0.502-0.570, which are in good agreement with the results deduced from the band structure calculation. Extremely small transmittance in these frequencies is observed because EM wave propagation is prohibited as a consequence of photonic band gap effect. The dips are also seen to deepen as the number of layers increases.
Two singularities in the transmittance curve are also seen within the third stop gap in Fig. 2 . Although independent of the number of layers of spheres and the stacking sequences as will be seen in later discussions, the position of the singularities is found to change when we increase the value of the parameter d s , where d s is the distance of the first layer of air spheres from the surface of the host medium ͑results not shown here͒ ͓33͔. Although the underlying physical picture is not quite clear yet, the results indicate that the singularities could be related to the heterostructure effect at the interfaces between the homogeneous substrate chips and macroporous host medium.
In addition, we notice a narrow dip in the transmittance curves above the third stop gap, which is located at Ϸ0.577-0.586 for the slab having 32 layers of spheres. Basically, this nonpropagating regime of frequency is not a result of photonic gap effect but stems from decoupling of the normally incident light to a nondegenerate band along ⌫L symmetry line, an effect that has been observed experimentally in 2D photonic crystals ͓34͔ and predicted theoretically in 3D photonic crystals with FCC geometry ͓31͔. Here in order to display more clearly the decoupling effect in the FCC inverted opal, we have enlarged the transmission spectrum and the corresponding band structure in these frequencies and show the comparison in Fig. 4 . As is seen in the figure, only the 11th ͑nondegenerate͒ band exists over this low-transmittance region, so the incident light is totally reflected due to the absence of coupling with the macroporous medium. Although an initial increase in the number of layers of spheres can lead to an increase in its depth ͑see Fig. 3͒ , this narrow dip will saturate and cannot be further deepened when the number of layers of air spheres exceeds Nу30.
As the frequency goes above this symmetry-forbidden decoupling frequency regime, pass band region with strong oscillations in the transmittance is observed for all slabs under normal incidence. These peaks with high transmittance are so narrow that they may be difficult to observe in experiments if the spectral bandpass is not fine enough. As seen from Figs. 3͑a͒, 3͑b͒, and 3͑c͒, the number of these states is determined by the number of planes of air spheres in the slab. These peaks are due to the excitation of the leaky modes that are confined to the interior of the slabs by the incident light field ͑see, e.g., Ref. level distribution of these states depends on the local stacking configurations as well as the number of layers of air spheres in the slab ͑see later discussions͒. The above absence of coupling of externally incident radiation with the nonoptically active band above the third gap can be removed by either moving away from the ⌫L symmetry line or by changing the symmetry via adopting . . . ABAB . . . stacking order along z axis, or even by breaking the periodicity with the introduction of stacking disorder. As the first evidence, we calculated the transmission spectra of an inverted FCC opal slab consisting of 16 layers of air spheres under off-normal incidence. In Fig. 5 we present the results for four different angles of incidence ϭ0, 15°, 25°, and 35°. The black lines are obtained for the s-polarized incident light where the electric field component of the incident light is perpendicular to the plane of incidence; the gray lines are obtained for the p-polarized incident light where the electric field component of the incident light lies in the plane of incidence. As expected, the nonoptically active mode becomes coupled to the incident radiation when the direction of incidence moves away from L point, which leads to high transmittance in this region. This operation for coupling holds for both s and p polarizations. We also found that the first and third gaps shift to high frequencies, whereas the second gap shift to lower frequencies, and they all become narrower as the angle of incidence is increased.
B. Inverted opal with HCP structure
The HCP structure has a periodic stacking order with repeating AB growth sequences. Band structure calculation using plane wave expansion has shown that the inverted HCP opal photonic crystal structure also possess a CPBG ͓8͔, provided that the refractive index of the host matrix is high enough as in the FCC case. We evaluated the photonic band structure and transmission spectrum along ͓0001͔ axis for an inverted HCP opal structure in GaAs matrix. The results are presented in Fig. 6 . In the band structure shown, Fig. 6͑a͒ , we observed that the HCP structure possesses a CPBG between the 16th and 17th bands, which centers at 0 ϭ0.546 with a relative size ⌬ / 0 ϭ3.8%. The CPBG in HCP structure occurs at virtually the same frequency but has a smaller size as compared to the FCC case. A similar conclusion has been obtained by Busch and John ͓8͔ who studied the band structure of an inverted opal in silicon and showed that the CPBG of the HCP structure is somewhat smaller than that of the FCC structure. We also note that there are three stop gaps along ⌫A symmetry, which are located at Ϸ0.288-0.365, Ϸ0.486-0.496, and Ϸ0.506-0.568, respectively. Among the three gaps, the center and width of the first gap is the same as that of the FCC structure, while small variations in the band gap edges of the two higher gaps are seen when the periodic stacking unit is replaced with AB.
In Fig. 6͑b͒ , we plot the transmittance as a function of frequency for a HCP PBG material with 16 layers of touching air spheres in GaAs. The transmittance is calculated for light incident along the axis perpendicular to the hexagonally close-packing planes of air spheres which are referred to as ͑0001͒ plane in HCP structure. This direction corresponds to the ⌫A symmetry line in the band structure. In the figure, we observe three dips in the transmittance which are located at Ϸ0.285-0.368, Ϸ0.484-0.496, and Ϸ0.506-0.568, in good agreement with the three gaps found along ⌫A symmetry in band structure. We also notice that, instead of small transmittance in the FCC structure, a pass band with high transmittance above the third gap is observed in the inverted HCP photonic crystal since optically active band exists in this region for the HCP structure. In addition, the HCP structure also displays a strong oscillation feature in the transmittance at high frequencies but the distribution of energy levels of these modes are different from that seen in FCC geometry due to the different stacking configurations. Two singularities in the transmittance are also observed within the third gap and they are located almost at the same frequency even though the stacking unit here is changed from ABC to AB.
C. Inverted opal with DHCP structure
A DHCP structure is another class of structure with periodic stacking order but with a larger stacking unit ͑four layers ABCB). As a consequence, new band modes occur and the photonic band diagram becomes quite complex, particularly in the regions of higher-order bands. But similar to the FCC and HCP cases, the inverted opal DHCP structure exhibits a CPBG with a center frequency 0 ϭ0.543, nearly the same position as in the two structures studied above. The DHCP structure, however, has a relative gap width ⌬ / 0 ϭ6.0%, which is substantially larger than the HCP structure, and slightly larger than the FCC structure. The value of the CPBG width obtained here by the photonic Korringa-KohnRostoker method is slightly larger than the value ͑5.5%͒ obtained for the same system by plane wave expansion method ͓36͔. We note that for systems consisting of spherical scat- FIG. 4 . Comparison of transmittance ͑left panel͒ of light normally incident on the slab of the inverted opal FCC PBG structure consisting of 16 ͑111͒ planes of touching air spheres ͓Fig. 3͑b͔͒ and the band structure ͑right panel͒ of the inverted opal FCC photonic crystal along ⌫L symmetry axis ͑Fig. 2͒. Other parameters are given in the text. The nonoptically active characteristics of the 11th band along ⌫L symmetry axis are exhibited clearly as a nontransmitting region in the transmission spectrum.
tering elements, the multiple scattering formalism usually gives more converged results than the plane wave expansion method does.
We have calculated the transmission of a DHCP photonic slab. Shown in Fig. 7͑a͒ is the transmission spectrum along ͓0001͔ stacking direction of the DHCP structure having 16 layers of touching air spheres in GaAs. It is seen that, about the regions of frequency where pronounced dips are observed for FCC and HCP slabs, the transmission curve of the DHCP structure also shows three main pronounced dips.
These nontransmitting regions of frequency are the corresponding influences of the three stop gaps found in the band structure along ⌫A axis for the DHCP structure, which is displayed in Fig. 7͑b͒ for comparison. In addition to these main gaps, the DHCP structure also develops two small gaps between the second and third main stop gap and these two small gaps are separated by two nondegenerate bands. Since for the region where there are only such nondegenerate band modes, the normally incident radiation will couple very weakly with the material, leading to extremely small trans- mittance. This leads to a continuously vanishing transmittance in these regions of frequency, as is shown in the transmission spectrum in Fig. 7͑a͒ . Starting from the blue edge of the third stop gap Ϸ0.571, a nondegenerate band extends to Ϸ0.580. Over this spectral region, there are no other band modes except for two degenerate bands located from Ϸ0.571 to Ϸ0.572. This explains the nontransmitting feature immediately above the third stop gap in the transmittance curve, which is also a resultant of the decoupling of the external EM wave with the structure in this frequency region. Remember that the HCP structure is perfectly transmitting in the neighborhood above the blue edge of the third gap. Thus, in this regard, the DHCP is similar to the FCC case as we observed a low-transmittance region above the third gap for both structures due to the same reason. We may understand that a large fraction of ABC stacking unit in the slab could favor the opening of a dip in transmission spectrum in this region.
D. Inverted opal with random stacking disorder
Although it preserves periodicity in the 2D hexagonal close packing plane, a structure composed of randomly stacked close-packed layers of air spheres is not a crystal, due to the loss of periodicity in another crystallographic direction ͑the growth direction͒. For the inverted opal structures with a random stacking sequences, the band structure is not well defined and it is not either practical to perform photonic band structure calculations for huge supercells due to computer time constraints. However, the transmittance through a slab of finite thickness is well defined, and so we calculate the transmittance and then average it over different stacking configurations to study the disorder influence on the transmission property of the structure. The disorder in our systems is introduced by randomizing the stacking sequence: B and C having equal occupancy probabilities. A discussion of small portion of and periodic stacking disorders in the inverted opal FCC structure can be found in Ref.
͓27͔.
We studied the transmittance of randomly stacked inverted opal slabs with three different numbers of layers of air spheres Nϭ16, 32, and 64. In order to obtain the mean photonic properties of the stacking sequence disordered systems with a finite thickness, we averaged the logarithmic of the transmittance (ln T) over 100 stacking configurations. We have found that a further increase in the number of random realizations does not lead to distinguishable difference in ͗ln T͘ from the case of 100 configurations.
In Fig. 8͑a͒ , we first display the result of one individual realization of the slab with random sequences of 64 layers of touching air spheres in GaAs. We observed that the transmission spectrum of the disordered structure also exhibits three pronounced dips in the regions of frequency, about the gaps of periodic structures. The occurrence of these dips in transmittance is due to the effect of strong light localization in these frequencies. The width and position of the first gap deduced from the first dip in transmission curve remain the same, while small variations in the edges of the two gaps at higher frequencies are observed as compared to the gaps of the periodic systems. This shows that the first gap of the inverted opal photonic crystal is almost independent of the stacking sequence in the opal template; the two gaps at higher energy can still survive although small variation in their edges occurs as a consequence of defect states created near the edges of the gaps of the periodic systems.
On the other hand, with the introduction of random stacking sequence, wild oscillations in the transmittance develop in the region of frequency around the red and blue edges of the third gap of the periodic systems. This phenomenon is anticipated as we have shown above that the transmission property changes dramatically in these regions even for periodic systems with different stacking units. Thus, for example, any small deviation in stacking sequences from the ordered ABCABC . . . stacking configuration should introduce propagation band modes in the region above the third stop gap where only nonoptically active nondegenerate band modes exist for the FCC structure. At higher frequencies that start at Ϸ0.58, the strong oscillating feature observed in systems with ordered stacking sequences preserves for the random system. It is found that the energy level of these leaky modes associated with narrow high transmittance is also sensitive to the local stacking configuration. Fig. 8͑b͒ is the ensemble-averaged logarithmic transmittance ͗ln T͘ as a function of frequency for inverted opal slabs consisting of randomly distributed sequences of 64 layers of air spheres in GaAs. The transmission spectrum below Ϸ0.48 is almost the same as that of structures with periodic stacking unit. The third stop gap at high frequency, which overlaps with the CPBG in periodic systems, survives stacking disorder although the transmittance at its red and blue edges is suppressed due to light localization effect. This contrasts with the disorder in position of air spheres that was found to destroy the high-frequency absolute gap ͓26,36͔. We thus conclude that for inverted opal photonic crystals to function, it is important to have a good control of the size uniformity of the spheres, and hopefully the monodispersity can minimize the positional disorder in opal templates.
Plotted in
For the disordered structures, another remarkable change is the development of a diminishing transmittance spectral region over wide frequencies above the third gap. The narrow dip immediately above the third gap can be understood as follows. We remember that over this region, both FCC and DHCP structures develop nontransmitting spectra, whereas total transmittance is observed for a HCP structure. This suggests that any occurrence of ABC in the stacking sequence in random system favors, to some extent, the appearance of a dip at these frequencies, although the specific positions may change slightly for different configurations. On the other hand, the physics underlying the strongly reduced transmittance at higher frequencies starting at ϭ0.59 is due to weak light localization, and can be examined more quantitatively by plotting the localization length for different thickness of the slabs in later sections.
We also calculated the standard error that characterizes the fluctuation of individual ln T from the mean value ͗ln T͘. The is defined as ϭ͚͉␦ i ͉/N c , where ␦ i ϭln TϪ͗ln T͘ is the deviation of the individual measurement of ln T, N c is the number of configurations, and the sum runs over all random stacking configurations. In Fig. 9 , is plotted as a function of frequency for inverted opal photonic slabs with 64 layers of touching air spheres in GaAs. We observed that below Ϸ0.48, the fluctuation in transmittance is very weak although a small error mainly at the edges of the first gap is observed. Consequently, the transmission property of the slab is not affected by the stacking disorder when the frequency is lower than Ϸ0.48. This means that the position and width of the lowest gap along stacking direction remain intact, regardless of the stacking sequence. In the frequency region where the third dip survives under planar stacking disorder, the standard deviation of ͗ln T͘ is also small in this region. This can be seen more clearly in the inset of Fig. 9 , where we display the relative standard error r ( r ϭ/͗ln T͘) at these frequencies, which measures the relative fluctuation of ͗ln T͘. These results show that defect states introduced by staking disorder are more located near the edges of the gaps, which leads to the preservation of the gaps along stacking direction even under the influence of random stacking sequences. Nevertheless, in the presence of strong disorder in stacking sequence, large fluctuations in transmittance, which are generally larger than 12%, are observed near the blue edges of the two gaps at higher frequency and in the frequency region beyond Ϸ0.585. This contrasts to the small relative standard error in the region inside the gaps. We note that for periodic systems such as FCC and DHCP structures, decoupling phenomenon usually happens in the pass bands near the blue edges of the two higher stop gaps. This suggests that the inverted opal may become coupled to the incident EM wave via the creation of optically active band modes in these regions as a consequence of disorder perturbation in the stacking sequences. The highly transmitting leaky modes observed in the region above Ϸ0.585 are sensitive to the local stacking configurations, so different realization of the stacking sequences will result in strong fluctuation in transmittance in the region.
In order to describe the transport property of EM waves in a random dielectric medium, a localization scaling length l is usually introduced in numerical calculations with l/dϭ Ϫ2N/͗ln T͘, where d is the distance between neighboring planes of air spheres ͑see, e.g., Ref. ͓37͔͒. In Fig. 10 , we show the results for inverted opal photonic structures in the matrix of GaAs with random stacking sequences containing three different number of layers of air spheres Nϭ16, 32, and 64, where l/d is plotted as a function of frequency. The localization length tends to converge in the regions of frequency, about the gaps of periodic systems, when the number of layers of air spheres is increased from 32 to 64. For these spectrum regions, where the uncertainty of ͗ln T͘ is very small ͑see Fig. 9͒ , l/d can be well approximated as the Anderson localization length. This suggests that all three photonic gaps remain well defined in inverted opal photonic crystal even in the presence of random stacking sequences.
As pointed by Asatryan et al. ͓37͔ in the study of disorder in 2D photonic crystals with a finite thickness, l/d incorporates contributions from both Anderson localization and Fabry-Perot interference effect. In Fig. 10 , the localization effect due to light interference among layers of air spheres in the inverted opal is observed in the region of frequencies, about the pass bands below the second gap of the periodic systems, where l/d shows oscillatory behavior. This property is consistent with the fact that the localization length in these regions is usually larger than the slab thickness, at least for slabs with 32 and 64 layers of air spheres. For the regions at Ϸ0.495-0.505 and Ϸ0.572-0.585, a reduction of localization length is also observed but generally is accompanied with large fluctuations in the mean value ͑see Fig. 9͒ , which indicates an effect of weak localization in these frequency regions. In EM wave propagation, the effective perturbation due to structural disorder, as manifested in the variation in the positional dependence of dielectric constant, is weighted by a factor of 2 . Thus localization effect will become more noticeable as frequency goes up. This may explain the reduced localization length in the frequency region ( Ͼ0.585) where a localization length on the order of a few layer thickness is observed. However, l/d does not converge for the inverted opal photonic crystals considered, so light localization is still weak in this region even for the slabs with 64 layers of air spheres.
III. CONCLUSIONS
Using EM wave multiple scattering technique, we have studied the effect of different stacking sequences on the optical properties of inverted opal photonic crystals composed of close-packed air spheres embedded in high dielectric matrix of GaAs.
We show that all the periodic structures with FCC, HCP, and DHCP lattices possess complete photonic band gap with slight variations in the gap edges. Along the symmetry axis, which corresponds to the direction perpendicular to the planes of hexagonal close-packed air spheres, all the periodic photonic crystals exhibit three stop gaps, with the first one being identical, whereas a slight variation in the gap edges of the second and third stop gaps is observed. Excellent agree-ment between the band structure and the transmission spectrum along stacking direction are obtained for all these periodic systems.
We also observed nontransmitting regions of spectrum for the periodic structures for light normally incident on the planes of hexagonally close-packing air spheres. The phenomenon is well explained as a consequence of the existence of only nondegenerate modes without any other degenerate states in the region in the band structure. Since the nondegenerate modes are nonoptically active for the normally incident light due to symmetry reason, this leads to the nontransmitting property in the regions of pass band. It is further shown that coupling of the externally incident light to the material becomes possible by adopting off-axis incidence, by changing the symmetry along stacking direction, or by introducing disorder in the stacking sequences.
For inverted opals with a totally random stacking sequence, the calculated transmission spectrum also develops pronounced dips within the frequencies of the stop gaps of the periodic systems. We conclude that the stop gaps in inverted opal are fairly robust to stacking disorder. The lowest stop gap is basically untouched by stacking randomness. This is due to the fact that the effective perturbation is weaker in lower frequencies. Large fluctuations are observed near the edges of the two high stop gaps as a consequence of the creation of defect states induced by stacking disorder.
The uncertainty of transmittance in the region, about the gaps of the periodic structure, is small because deep gap states are rarely introduced. This means that these systems can withstand a fair amount of stacking randomness so that we do not need to worry too much about the stacking disorder. However, light localization can be an issue for applications that utilize the pass band or if we need to couple light in or out of the crystals in frequencies near the absolute gap. For slabs with reasonable thickness, low-frequency pass bands such as those near the lowest directional gap show propagation behavior even when the stacks are completely disordered in stacking sequences. However, for pass bands near the absolute gap, disorder in stacking sequences can make the localization length fairly small, e.g., a few layers.
